Introduction
The movement of goods and people around the world is facilitating the introduction of organisms to regions where they are not native. Although many alien organisms are introduced directly from one biogeographical region to another ('inter-regional introduction'), the spread of species within biogeographical regions also contributes to biological invasions ('intra-regional spread') (Chiron, Shirley & Kark 2010; Hurley et al. 2016; Jaksic et al. 2002; Roques et al. 2016 in this article, the biogeographical region of interest is continental Africa). Relatively high propagule pressure [i.e. the number of individuals introduced and the number of introduction events for a specific species (Lockwood, Cassey & Blackburn 2005) ] and short geographical distances mean that once an organism has been introduced to a region, further natural or human-aided spread is likely Hurley et al. 2016; Jaksic et al. 2002; Roques et al. 2016) . Furthermore, organisms that are native to a biogeographical region might spread within the region, either naturally or with the aid of humans, to areas where they are not native (Chiron et al. 2010 ).
introduction or intra-regional spread can have consequences for its invasion success. To develop and improve efforts aimed at preventing or mitigating the introduction of invasive species, it is therefore important to identify the types of introduction within a region and determine their relative importance and direction [also see the Convention on Biological Diversity's Aichi Target 9 (UNEP 2011)].
Many organisms have been directly introduced to South Africa from other continents [e.g. the Sirex woodwasp (Sirex noctilio), which is native to Eurasia and northern Africa, was introduced to South Africa from Oceania and South America , and the harlequin ladybird (Harmonia axyridis), which is native to Asia, was introduced to South Africa from North America ]. Given that South Africa shares land borders with six other African countries, multiple opportunities exist for species to spread between South Africa and other African countries, either through natural dispersal or with the aid of various human-related transport vectors (e.g. air, sea and land transport vectors). However, the relative importance of inter-regional introduction and intra-regional spread is currently not clear, and whether South Africa is primarily a donor or recipient of alien species is also unknown.
In an effort to gain a greater understanding of the movements of alien species into and within Africa, we aimed to (1) develop introduction route scenarios that describe how alien species might have been introduced to the region and spread between South Africa and elsewhere in Africa; (2) demonstrate these scenarios using case studies; (3) use the scenarios to quantify, for selected groups, the importance and direction of intra-regional spread; (4) determine if these patterns have changed through time; and (5) propose a framework for trans-boundary collaboration in biosecurity that could address the threat posed to Africa by the intra-regional spread of alien species.
Research method and design

Introduction route scenarios
Six introduction route scenarios that describe how alien species might have been introduced to the region and spread between continental South Africa (SA) and elsewhere in continental Africa (AF) were developed and examples identified. In these scenarios, both natural dispersal and the human-aided movement of species within the continent were considered as intra-regional spread. Furthermore, although introduction and spread through all human-related transport vectors were considered (i.e. land, air and sea transport vectors), these vectors were not discriminated in the scenarios. The scenarios describe introduction routes where species have been introduced to SA or AF from other regions, and consider whether subsequent intra-regional spread between SA and AF occurred. Also described are instances where species that are native to either SA or AF have spread between the subregions to areas where they are not native. Details on the introduction route scenarios and examples of species for each scenario are shown in Figure 1 
Importance of introductions into Africa versus spread within Africa
For alien species in SA and AF, information on their native and introduced range (in Africa and elsewhere in the world), descriptions of introduction and spread as well as introduction data (introduction source, number of introductions, pathway of introduction and date of introduction or first record) were used to categorise species in terms of the most likely introduction route scenario that resulted in introduction. As detailed species-level introduction data are often lacking (Faulkner et al. 2015) , we focused on two groups for which these data could be obtained: birds and insect pests of Eucalyptus trees (see Tables 1-A1 and 2-A1 for species lists). For birds, data were extracted from South African (i.e. Dean 2000; Peacock, van Rensburg & Robertson 2007; van Rensburg et al. 2011) and global sources (i.e. CAB International 2016; Lever 1987 Lever , 2005 Long 1981 ). For each eucalypt insect pest in South Africa, date of first record for southern African countries was obtained from Bush et al. (2016) , Wingfield et al. (2008) and local authorities, and other data were extracted from South African (i.e. Picker & Griffiths 2011) and global information sources (i.e. CAB International 2016). Re-introductions [e.g. helmeted guineafowl (Numida meleagris) in South Africa (Lever 1987; Long 1981) ] and extralimital populations [species that have been translocated within the subregion where they are native to parts of that subregion where they are not native; e.g. redeyed dove (Streptopelia semitorquata) in South Africa (Lever 1987; Long 1981)] were not included. For species that have been introduced to the region multiple times, all applicable scenarios were recorded (and therefore the total count of species for the scenarios can be larger than the total number of species investigated). Furthermore, this means that although a species might not have spread between the two subregions, as a result of independent introductions it might still occur in both SA and AF. For some introductions, it was clear which scenario was applicable [e.g. scenario 5 is clearly applicable for the common starling (Sturnus vulgaris) which was introduced in the 1800s from the United Kingdom to SA and then spread into neighbouring countries, i.e. AF], but for others this was not the case [e.g. the Indian subspecies of the rose-ringed parakeet (Psittacula krameri) was introduced to SA in the 1800s and then later to Egypt (i.e. AF), it is likely that these introductions were independent (i.e. both scenarios 1 and 4 are applicable); however, it is possible that the birds in Egypt came from SA (i.e. scenario 5)]. In an effort to account for this uncertainty, we categorised each introduction according to the most likely scenario (i.e. scenario 5 for S. vulgaris and scenarios 1 and 4 for P. krameri) and then rated our confidence in each designation as high or low. A high confidence rating was assigned when the scenario was clear (e.g. for S. vulgaris), and low confidence was assigned when more than one scenario was possible (e.g. for P. krameri). For some species, there were insufficient data to make a designation, for example, the common pigeon (Columba livia) is native to parts of North Africa and has also been introduced widely on the continent; however, details are imprecise for many of these introductions and thus multiple, equally likely scenarios are possible (Lever 2005) . These species were recorded as having insufficient data, and they were not assigned an introduction route scenario.
While some of the scenarios involve only inter-regional introductions or intra-regional spread, others involve combinations of the two introduction types (i.e. a species is introduced to AF or SA and also spreads between SA and AF; see Figure 3 ). Therefore, the results for a number of the scenarios had to be combined to determine the relative importance of the two types of introduction. For instance, to determine the total number of species introduced from another biogeographical region to SA, results for scenarios 1 and 5 had to be combined (Figure 3) . However, as the six scenarios provide useful details that are lost when combined (e.g. whether the species is native or alien to the region), we evaluated alien species movements in terms of both the scenarios and the types of introduction.
A generalised linear model (Poisson error distribution and log link) was used to analyse a two-way contingency table of species counts (Crawley 2007) and test the association between organism type (birds and eucalypt insect pests) and scenario. The relative importance of inter-regional introduction and intraregional spread between SA and AF was assessed by calculating the number of bird and eucalypt insect pest species directly introduced from another region to SA (sum of the counts for scenarios 1 and 5) and AF (sum of the counts for scenarios 2 and SA X AF 1 Species were introduced to SA from another biogeographical region and then did not spread to AF.
Species were introduced to AF from another biogeographical region and then spread into SA.
SA AF 5
Species were introduced to SA from another biogeographical region and then spread into AF.
AF X SA 4
Species were introduced to AF from another biogeographical region, and then did not spread into SA.
Species that are naƟve to AF spread into SA.
Species that are naƟve to SA spread into AF. 
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South Africa is shown in grey, arrows with solid lines indicate introductions from other biogeographical regions (inter-regional introductions) and arrows with dashed lines indicate spread within the region (intra-regional spread). In dark red are scenarios where SA is the final recipient of the alien species and in light blue are scenarios where AF is the final recipient. Introduction or spread may be facilitated intentionally or unintentionally by humans, or may be as a result of natural dispersal by the organism.
FIGURE 1: Introduction route scenarios (indicated using numbers) for alien species in South Africa (SA) and in other parts of Africa (AF), and examples of species which conform to each scenario.
4)
, and the number of species that spread into SA from AF (sum of the counts for scenarios 2 and 3) and vice versa (sum of the counts for scenarios 5 and 6). A generalised linear model (Poisson error distribution and log link) was used to analyse a three-way contingency table of species counts and test the association between organism type (birds and eucalypt insect pests), recipient subregion (SA and AF) and introduction type (inter-regional introduction and intra-regional spread). To evaluate whether the relative importance of inter-regional introduction and intra-regional spread has varied over time, date of introduction or first record data were used to designate introductions into 50-year time periods, and for each period, the number of birds and eucalypt insect pests introduced to SA and AF through inter-regional introduction and intra-regional spread was determined. All generalised linear models were checked for overdispersion (Crawley 2007; Zuur et al. 2009 ), but no instances were noted. Counts that were significantly different from what might be expected based on chance alone were identified by calculating the standardised adjusted residuals and comparing these values to the critical values of the normal distribution (Bewick, Cheek & Ball 2004; Everitt 1977) . In an effort to determine the influence of uncertainty on results, analyses were performed twice: using all the data and using a subset with only designations made with high certainty.
Results
Importance of introductions into Africa versus spread within Africa
Birds and eucalypt insect pests have been introduced through various introduction routes (Tables 3-A1 and 4-A1), but different scenarios were common for the two groups (significant association between scenario and organism type: χ 2 = 30.6, d.f. = 5, p < 0.001). Many bird species that have been introduced to SA from another biogeographical region did not spread to AF (scenario 1, see Figure 2 ); however, four of these species have been independently introduced to AF (scenario 4). While the number of bird species for which scenario 1 was applicable was significantly higher than expected by chance, so too was the number of bird species that are native to AF that spread into SA (scenario 3, see Figure 2 ). For eucalypt insect pests, most species, and a significantly higher number than expected, were introduced to SA from another region and then subsequently spread into AF (scenario 5, see Figure 2 ). A significantly higher number of eucalypt insect pests than expected by chance were also directly introduced to AF from another region and then did not spread into SA (scenario 4, see Figure 2 ). However, all of these species have also been introduced to SA (scenario 1). Multiple scenarios were applicable for eight bird and eight eucalypt insect pest species. There were few instances of insufficient data (3% for birds and 4% for eucalypt insect pests, see Figure 2 ). For birds, 68% of the scenario designations were made with high certainty, but for eucalypt insect pests, this was only the case for 26% of designations. Consequently, the results of the statistical analysis differed when only scenario designations with high certainty were included (the association between scenario and organism type was no longer significant), but for birds, the identified pattern (i.e. scenario 1 dominated, but for many species scenario 3 was applicable) remained the same (Figure 1-A1 ).
The relative importance of inter-regional introduction and intra-regional spread differed for birds and eucalypt insect pests and also varied based on the recipient subregion ( Figure 3 ; significant association between introduction type, organism type and recipient subregion: χ 2 = 4.3, d.f. = 1, p = 0.04). Based on the species for which the date of introduction data were available (75% for birds and 89% for eucalypt insect pests), it appears that for alien birds and eucalypt insect pests in SA and AF, the relative importance of inter-regional introduction and intra-regional spread changed over time (Figure 4) . Although most alien bird species in SA were introduced from other regions, this number was significantly lower than expected by chance, and the number that spread from AF into SA was significantly higher than expected (Figure 3 
Eucalypt pests
Details of the scenarios are provided in Figure 1 . In white are the expected values for each scenario. Species with insufficient data (shown in grey) were not included in the statistical analysis. Plus and minus signs indicate species counts that were significantly higher or lower than what was expected by chance.
FIGURE 2:
The number of alien bird and eucalypt insect pest species for which each introduction route scenario was applicable (in black). Expected values are shown in white. Plus and minus signs indicate numbers of species that were significantly higher or lower than what was expected by chance. Although the observed and expected values did not differ greatly, these differences were significant.
Birds
FIGURE 3:
The number of alien bird and eucalypt insect pest species (in black) in South Africa (SA) and elsewhere in Africa (AF) that were introduced through a direct introduction from another region (inter-regional introduction) or through spread between the two subregions (intra-regional spread).
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Open Access 2000, one species has also spread from AF to SA (Figure 4) . A significantly higher number of bird species were introduced from other regions to AF than was expected (Figure 3) , with this number being higher, for all time periods since 1900, than the number that have spread from SA into AF (Figure 4 ). The number of eucalypt insect pests that spread from SA to AF was significantly higher than that expected by chance (Figure 3) , with more species spreading from SA to AF since 2000 than the number introduced from other regions (Figure 4 ). In the spread of alien species between SA and AF, SA was the major recipient of birds but the major donor of eucalypt insect pests (Figure 3 ). When only designations with high certainty were included in the analysis, the statistical results changed (the association between introduction type, organism type and recipient subregion was no longer significant), but the identified patterns were the same (i.e. most birds and eucalypt insect pests in SA and birds in AF were inter-regional introductions, but most eucalypt insect pests in AF spread in from SA, and SA was a major recipient of birds but a major donor of eucalypt insect pests; Figure 2 -A1).
Discussion
The patterns of movement of alien species are often complex and, in line with this, our case studies and results show that alien organisms in Africa have been introduced through various introduction routes (e.g. see Measey et al. 2017 for a discussion on amphibians; and Visser et al. 2017 for grasses). Although many species are introduced to the continent directly from other regions, species are also spreading within Africa, with the relative importance and direction of spread varying across organisms and over time. This poses a challenge to biosecurity that needs to be addressed (see Keller & Kumschick 2017) .
Importance of introductions to Africa versus spread within Africa
Many birds and eucalypt insect pests have been introduced to either SA or AF but have not yet spread between the two subregions. Similarly, many alien species in other regions [e.g. plants (Lambdon et al. 2008) , birds (Chiron et al. 2010 ) Inter-regional introducƟon Intra-regional spread
Inter-regional introducƟon Intra-regional spread
Inter-regional introducƟon Intra-regional spread a b c d
Please note the differing scales of the y-axes.
FIGURE 4:
Temporal changes in the number of alien bird and eucalypt insect pest species in South Africa (a and b) and elsewhere in Africa (c and d) that were introduced through a direct introduction from another region (inter-regional introduction) or through spread between the two subregions (intra-regional spread).
and insects in Europe] have not spread from the country where they were introduced. The spread of these species might be limited by a variety of factors, including the environment and their dispersal capabilities ), but in many cases, it might simply be a matter of time before they spread across national boundaries. Most bird species that were introduced to SA and subsequently spread into AF were introduced over 100 years ago, while those species that have not yet spread tend to have been introduced during or after the 1970s. The future spread of these species likely represents a major invasion debt (Rouget et al. 2016 ).
Although introductions from other regions dominated in most cases, the spread of species between SA and AF has recently increased in importance. This trend might be driven by recent growth in trade between these two subregions (Figure 3-A1) . The link between socio-economic factors and the introduction and spread of alien species is well documented (Essl et al. 2011 ) and, for example, political and economic changes in Europe (e.g. the cold war and the later opening of borders to movement and trade) have influenced the spread of alien bird and insect species in the region (Chiron et al. 2010; Roques et al. 2016 ).
South Africa is one of a few countries that serve as major introduction points for eucalypt insect pests . Additionally, South Africa currently exports more goods to other African countries than it imports (Figure 4-A1) . Thus, it is not surprising that South Africa appears to be a major donor in the intra-regional spread of eucalypt insect pests. Contrary to the dominant direction of trade, South Africa is the major recipient in the intra-regional spread of birds. However, as birds are often introduced intentionally, their movement patterns might be less likely than those of eucalypt insect pests (usually introduced accidentally), to reflect coarse trends in trade (but, see Seebens et al. 2015 for predictors of global flows of naturalised plants).
The results discussed above are based on only two groups for which some historical data could be obtained. Because of data quality issues, using historical data to determine the introduction routes of alien species can lead to imprecise inferences (for information on genetic techniques, see . For example, countries differ with regard to their surveillance and monitoring activities (Latombe et al. in press) , and as a consequence, species that have been recorded in South Africa first might not have been introduced directly from another region, but might instead have spread into the country from elsewhere in Africa where their introduction was not detected. To get an indication of how data quality impacted our results, we conducted the analysis on the full dataset and on a subset in which we had high confidence. Although the results of these analyses differed, the overall conclusions were the same (i.e. that inter-regional introductions dominate but that intra-regional spread is important, and that South Africa is a major donor for eucalypt insect pests but a major recipient for birds). Furthermore, by focusing on birds and eucalypt insect pests, we were able to highlight that organisms are being introduced to and are spreading within Africa, a pattern which, we show using our case studies, is true for a wide variety of organisms.
Intra-African spread as a biosecurity threat
Although inter-regional introductions and intra-regional spread may, in general, be increasing as a result of increased global travel and trade , an increase in the number of species spreading within Africa (as shown here for birds and eucalypt insect pests) might pose a particularly high biosecurity threat. Shorter geographical distances, and higher propagule pressure and environmental similarity mean that the chances of naturalisation might be higher for species spreading within a region than for those introduced directly from other regions (van Kleunen et al. 2015) . In keeping with this, for many regions (including Africa), a higher number of plant species than expected are native to a part of the region but have been introduced to and have become naturalised in other parts of the region where they are not native (van Kleunen et al. 2015) . Furthermore, as many alien species present in Africa may still establish and spread (i.e. establishment and spread debt, see Rouget et al. 2016) , it is likely that the biosecurity threat posed by intra-African spread will continue to increase.
The increasing number of species that have spread between South Africa and the rest of Africa highlights that current efforts in South Africa to prevent or reduce introductions from other African countries are likely insufficient. This potential weakness in South Africa's biosecurity deserves consideration in the first National Status Report on Biological Invasions, and in any future plans to manage South Africa's pathways of introduction ).
Unfortunately, preventing intra-regional spread is particularly difficult. Organisms from outside Africa can only be transported directly to South Africa by air or sea, and thus to prevent their introduction, border control only needs to be implemented at 18 official ports of entry (Table 1) . In contrast, species in Africa can spread into South Africa through natural dispersal or with the aid of land, sea or air transportation (Table 1) . Thus, to prevent organisms from spreading into the country, not only does border control need to be implemented at 73 official ports of entry, but South Africa's 4862-km-long land boundary (Central Intelligence Agency 2015) also needs to be managed (Table 1) .
To overcome this problem, and better manage biological invasions in the region, a coordinated regional response is needed. Attempts have been made in other regions to achieve this and, for example, the Chilean and Argentinian governments have developed joint research and control programmes for alien mammals (Jaksic et al. 2002) , while an early warning and response framework has been developed for Europe (Genovesi et al. 2010) . Based on the European system, we have developed a framework, shown in Figure 5 , to coordinate the response of African countries to alien species introductions. The framework details the activities that countries should perform before (i.e. pre-border activities) and after (i.e. post-border activities) an alien species is detected; highlights when communication and information sharing between countries is required (e.g. report the detection of an alien species); and details how countries should respond to the introduction of a potential invader based on its type of spread (i.e. unaided or intentionally or unintentionally aided by humans). To achieve these actions, various types of information (e.g. the status of a species and its invasion history) and expertise (e.g. taxonomic experts for identifications) are required. As data availability on alien species varies across countries (McGeoch et al. 2010) , we recommend that the required data should be maintained in a regional information system, which is regularly updated and to which information from global databases contributes [e.g. CABI's Invasive Species Compendium and the Global Invasive Species Information Network (GISIN), also see Lucy et al. 2016] . Such a database would improve not only the availability of alien species data but also, if standards are put in place, the quality of the data. Finally, it is unlikely that all of the required expertise will be available in every African country, for example, no country will have taxonomic experts for every taxonomic group (Klopper, Smith & Chikuni 2002) . Regional cooperation, particularly in the training of personnel and the exchange of experts, is therefore required. In an effort to achieve this for taxonomy, regional networks [e.g. SABONET ( 
Conclusion
A wide variety of alien species have been introduced to Africa and have spread within the region, with the movement 
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Source: Based on a framework for Europe (Genovesi et al. 2010 ) Pre-and post-border response activities are in light blue, and details of these responses are presented in the light blue boxes, activities involving the sharing of information between countries are in dark red, and all other activities are in white. The stippled arrows demonstrate the type of information and expertise required for pre-or post-border activities.
FIGURE 5:
Framework for a coordinated response to alien species introductions in Africa.
http://www.abcjournal.org Open Access patterns of these species varying across organisms and over time. Although direct introductions from other regions remain a concern, the number of species spreading within the region appears to be increasing, and these species probably pose a particularly high biosecurity threat. As preventing the intra-African spread of species is at best difficult, African countries need to cooperate and coordinate their responses. Achieving this requires communication, the development and implementation of standardised methods and systems, and political will. As the efficacy of a country's biosecurity greatly influences that of its neighbours, such an endeavour would benefit all of the countries involved. 
